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The human papillomavirus (HPV) causes warts, but is also 
associated with the development of squamous cell dysplasia 
and carcinoma. The virus is host and tissue specific and the 
numerous ~PV tyfes show .predilection for diffe~ent ~ody 
sites. Expenmenta production of HPV 16 particles IS at 
present only possible .using in vivo .cul~ure of keratinocyt~s 
containing episomal vIral DNA. Usmg Immunoelectron Int-
croscopy, we have investigated the localization of HPV 16 
E4 and Ll proteins in a keratinized epithelium formed by 
grafting HPV 16 - containing cervical keratinocytes onto the 
T he human papillomavirus (HPV) is known to cause or to be involved in processes of increased or disorga-nized proliferation of epithelial surfaces resulting in disorders of the skin, upper respiratory tract, and lower genital tract such as warts, in situ dysplasia, and 
squamous cell carcinoma [1,2]. Analysis of the viral DNA isolated 
from such abnormalities has revealed that human papillomaviruses 
constitute a large group of closely related virus types, distinguished 
from one another on the basis of their DNA homology [3]. Al-
though over 60 different types are now recognized, many of these 
are found only rarely in certain disorders, and the majority of HPV-
associated epithelial abnormalities contain DNA of one of a small 
number of HPV types [4]. HPV type 16 is most closely associated 
with malignancy as it is found, most usually in integrated form, in 
the majority of cervical cancers [5]. It has also been reported in the 
pre-invasive stages ?f cervical [6] and oth.er genital dysplasias [? ,8.1, 
respiratory tract leSIOns [91, and has ~ccaslOnally bee~ detected III In 
situ and invasive squamous cell carcllloma of the skill [10,11]. 
With molecular manipulation and cellular transformation, it has 
been possible to study several aspects of viral gene expression, but 
accurate investigation of the late stages of the viral life cycle were 
for a long time hampered by the lack of an experimental culture 
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Abbreviations: 
CIN: cervical intra-epithelial neoplasia 
ElI\E4: spliced transcript from El and E4 genes or the resu1ting 
protein 
HPV: human papilloma virus 
PBS: phosphate-buffered saline 
SDS: sodium dodecylsulfate 
TBS-BSA: tris-buffered saline - bovine serum albumen 
athymic mouse. New viral progeny are produced in this sys-
tem, as confirmed by labeling of intranuclear particles with a 
mouse monoclonal antibody against the HPV 16 major cap-
sid (Ll) protein. The role of the E4 protein is not yet clear, 
although it is believed to be important for the later stages of 
the virus life cycle. Here we confirm its cytoplasmic localiza-
tion in the cells of the spinous and granular layers and demon-
strate co-localization with keratin tonofilaments. ] Invest 
DermatoI100:154-158,1993 
system. Although there were some early reports of in vitro culture of 
human papillomavirus [12,13]' these were not substantiated [14,1 51 
and cultured cells containing HPV DNA were shown to lose pro-
gressively their viral nucleic acid . The failure of the virus to produce 
new progeny in cells in tissue culture led to the proposition that the 
completion of the viral life cycle is in some way dependent on the 
differentiation and keratinization of the host cell. Culture ofkerati-
nocytes at an air-liquid interface using in vitro raft culture permits 
stratification of the cells with a pattern of differentiation more akin 
to that in vivo. Cervical keratinocytes containing episomal HPV 31 
DNA cultured in this way were initially reported to exhibit viral 
DNA amplification without expression of capsid antigen [16], but 
recently, the addition of phorbol ester to such cultures has been 
shown to trigger virion production [17] . 
The first report of laboratory culture of the human papilloma-
virus was with HPV 11 using infected epithelium implanted be-
neath the renal capsule of athymic mice [18]. This system has been 
very successful for HPV 11, but other viral types have, until re-
cently, not been able to be adapted to this method [19]. We have 
reported the use of an alternative method for the in vivo culture of 
HPV 16, using a line of human cervical keratinocytes, W12, which 
retain 50 -100 copies of episomal HPV 16 DNA per cell, grafted 
onto the flanks of nude mice beneath an implanted silicon chamber 
[20] . Such grafts are able to differentiate to form corneocytes, lead-
ing, in this case, to the production of viral particles 50 nm in diame-
ter within some condensed nuclei in the lower cornified layer. Al-
though it seemed probable that particles forming in the graft were 
indeed HPV 16, further confirmation was desirable. 
In this study, the grafted W12 cells were further examined using 
immunoelectron microscopy to detect and localize certain HPV 16 
proteins involved in the later stages of the virus life cycle. The L1 
protein (the major capsid antigen) was identified using a mouse 
monoclonal antibody, CAMVIR 1 [21] and the El/\E4 spliced pro-
tein by means of a rabbit polyclonal serum. The E4 gene, although 
located within the so-called early region of the papillomavirus ge-
nome, is believed to produce a functionally late protein, which is 
found mainly in the upper layers of epithelium [22]. It is produced 
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Figure 1. Production of polycIonal rabbit serum against HPV 16 E4 
protein. 0) Dia~am of 'pJS 4 construct expressing J:iPV.16 E4-P-
galactosidase fusIOn protem used to raIse polycIonal rabbIt antibody V31. 
HPV 16 E4 insert is located downstream of the cro lac Z gene. b) Western 
immunoblot of electrophoretically separated HPV 16 E7 - p-galactosidase 
fusion protein (1), HPV 16 E4 - p-galactosidase fusion protein (2), and 
p-galactosidase protein (3) using rabbit polyclonal serum, V31. A, un-
blocked serum; B, serum pre-incubated with p-galactosidase. Antibody 
binding was detected by secondary incubation with p2S_ protein A. 
from an E1 1\E4 spliced transcript that, in HPV types investigated so 
far, consists of a short run of sequence from the El gene plus the 
whole of the E4 gene [23]. In this culture system, we wanted both to 
establish whether or not the E4 protein was expressed and, if so, to 
define its intracellular localization. 
MATERIALS AND METHODS 
Production of Antiserum Against HPV 16 E4 Protein The 
carboxy terminal two thirds of HPV 16 E4 was expressed as a p-ga-
lactosidase fusion protein against which polyclonal antibodies were 
raised in rabbits. Genomic HPV 16 DNA in pBR (a gift from Dr. 
zur Hausen) was digested with Pstl and HincH enzymes concur-
rently and the resulting 484-bp fragment containing E4 cloned into 
pUC 13. This plasmid was linearized with Ball and then fur~her 
digested with Pstl to release a 292-bp fragment that was cloned II1to 
pEX 3 [24] (Fig la). Transfection of pJS4 into Escherichia coli, strain 
pop 2136, enabled ~ontrol1ed expression .of the p-galactosidase-
HPV 16 E4 chimaenc protell1 that was pUrIfied from sodIUm dode-
cylsulfate (SDS) polyacrylamide gels by electroelution, before 
subcutaneous il~ection into a New Zealand White rabbit. Each 
immunization consisted of 100 - 150 p.g of protein combined either 
with Freund's complete adjuvent for the first injection or with 
Freund's incomplete adjuvent thereafter. 
Specificity of Antiserum for ~V 16 E4 Serum samples .ob-
tained after repeated 1I11mU11lZatlOns were tested by Western Im-
munoblotting for reactivity against the E4 portion of the fusion 
protein. The antiserum (call ed serum V31) was pre-incubated with 
a bacterial lysate containing either p-galactosidase expressed from 
pEX or a p-galactosidase fusion protei~ .. The lysate was prepar~d 
from a culture of E. coli, pop 2136 contall1l11g pEX or p JS4. BacterIa 
were pelleted from 1.5 ml of culture, lysed with 5 mgjmllysozyme 
and mixed with SDS to a final concentration of 0.1 % before freez-
ing at -70°C. After thawing, rabbit antiserum was incubated with 
the lysate for 1 h at room temperature before use in immunoblots. 
ltnmunohistochemistry Formalin-fixed, paraffin-embedded 5-
p.m sections mounted on aminopropyltriethoxysilane-coated glass 
slides were dewaxed in xylene and rehydrated via graded alcohols. 
They were subjected to trypsin digestion, before endogenous per-
oxidase was blocked by hydrogen peroxide. The sections were incu-
bated with primary antibody (rabbit polyclonal, V31) diluted 1 : 250 
in PBS for 60 min, washed, and then incubated with the secondary, 
biotin-labeled anti-rabbit antibody for a further 60 min. Antibody 
binding was detected with the Vectastain ABC kit (Vector Laborato-
ries) according to the manufacturer's instructions using diaminoben-
zidine as substrate for the brown color change reaction. Sections 
were counterstained with weak hematoxylin. 
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Immunoelectron Microscopy Formalin-fixed, paraffin-em-
bedded tissue that labeled positively by immunohistochemistry for 
HPV 16 E4 and L1 protein was reprocessed for post-embedding 
immunoelectron microscopy. Dewaxing in several changes of chlo-
roform was followed by rehydration in a descending series of eth-
anol solutions to 0.1 M sodium cacodylate buffer. Specimens were 
treated with 0.5% osmium tetroxide in 0.05 M sodium cacodylate 
buffer at pH 7.4, washed in maleate buffer at pH 5.2 for 1 h and bulk 
stained with 2% uranyl acetate for 2 h. After buffer washing, they 
were dehydrated in an ascending series of alcohols and embedded in 
Spurr's epoxy resin. Sections (approximately 50-60 nm in thick-
ness) were cut on a Reichert-Jung Ultracut E and mounted on 200 
mesh nickel grids with Formvar support films. 
Sections were floated on drops of 5% sodium metaperiodate for 
30 min to remove superficial osmium and help restore antigenicity. 
They were washed extensively with distilled water and floated on 
drops of tris-buffered saline at pH 7.4 containing 2% bovine serum 
albumen (TBS-BSA) for 1 h to reduce background labeling. HPV 
16 E4 and L1 proteins were detected by incubating sections with 
rabbit polyclonal antiserum, V31, and mouse monoclonal antibody, 
CAMVIR 1, respectively, for 16 h at 4°C. V31 was used at a dilu-
tion of 1: 200 and CAMVIR 1 at 1 : 50 in TBS-BSA. Sections were 
then washed with TBS and incubated with goat anti-rabbit or anti-
mouse .immunoglob~lins cOI~ugated to I-nm or 10-nm gold parti-
cles (BlOcell Ltd), dtiuted 1: 100 in TBS-BSA at pH 8.2 for 1 h. 
After washl11g WIth TBS and then with double-distilled water, anti-
body-binding sites were visualized directly where the second anti-
body was conjugate~ to lO~nm gold particles or by silver enhance-
ment of I-nm particles WIth Intense M (Janssen) . Sections were 
stained with uranyl acetate and lead tartrate before viewing in a 
Phillips EM 300 or EM 400 transmission electron microscope. 
RESULTS 
HPV 16 E4 Antiserum Rabbit serum obtained after immuniza-
tiOl~ with ~-l?aJactosidase-E4 fusion.rrotein reacted strongly with 
the Immu11lzll1g protell1 when tested 111 Western immunoblots. The 
specificity of the polyclonal serum for the E4 part of the fusion 
protein was tested by use of a simple blocking procedure in which 
the serum was pre-incubated with a lysate of bacteria containing the 
pEX plasmid vector expressing p-galactosidase alone, or recombi-
nant vectors, expressing fusion proteins of p-galactosidase with 
HPV 16 E4 or E7 protein (Fig Ib). Reaction of the serum with 
p-galactosidase or with p-galactosidase - HPV E7 was blocked after 
pre-incubation with p-galactosidase alone, but this did not abolish 
reac~ion with. the ~4 fusion protein. This indicates that although the 
rabbIt se~n: Idel~t1fied p-gal~ctosidase, there was also a strong spe-
cIfic reactivIty WIth the portIon of the HPV 16 E4 protein as ex-
pressed by this system. 
HPV 16 E4 Protein Detection As previously reported [20], 
grafted W12 cells surviving for 49 d on the flank of a nude mouse 
produce a keratinized e~ithelium with features of dysplasia reminis-
cent of those observed 111 cervical intra-epithelial neoplasia (CIN). 
The deve.lopmen~ of basal, spinous, granular, and cornified layers in 
the graft IS most slmtiar to the appearances seen in large cell keratin-
izing hIgh-grade CIN, whereas HPV-negative cervical keratino-
cytes cultured in the same system ill villo produce an epithelium with 
basket-weave upper layers, comparable to the normal cervix. Some 
nuclei within the lower part of the well-developed horny layer of 
the :-x'12 gra~t contall1ed viral particles in the nucleoplasm. Immu-
nohIstochemIcal examll1atlon of grafts of various ages using the 
antl-HPV 16 E4 polyclonal serum, V31, detected the E4 protein 
(presumably as an E 11\E4 spliced protein) only in this thickly kera-
tinized graft of 7 weeks of age. No positive reaction was seen in 
grafts younger than this, even if showing differentiation, mild dys-
plasia, the development of a thin keratin layer, and patchy expres-
sion of the L1 capsid protein. As shown in Fig 2a, anti-E4 antibody 
binding was located in the cells of the upper spinous and granular 
layers, similar to the distribution of the major capsid protein, al-
though E4 was not observed in the keratin layer. The pattern of 
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Figure 2. Immunohistochemicallocaliz~tion of HPV 16 E4 protein. lrn-
munoperoxidase labeling of paraffin section of grafts produced on athy-
mic mouse using polyclonal rabbit serum against HPV 16 E4 fusion pro-
tein. a) HPV 16-containing W12 cells after 7 weeks of growth. 
Cytoplasm of cells in the granular and upper spinous layers are labelled 
(arrow) . b) Normal HPV negative cervical keratinocytes after 4 weeks of 
growth. Arrowhead, basal layer. Bar, 50 j1m. 
reaction suggested a cytoplasmic. lo~alization or possi.b~y associ~t~on 
with the cell membrane. Even wlthlll the zone of positively stalllmg 
cells, not all cells were similarly stained, so that cells negative for 
El1\E4 were found directly adjacent to clearly positive cells. Cervi-
cal keratinocytes negative for HPV showed no reaction with the 
antiserum (Fig 2b) . Their nuclei here appear darker due to variations 
in the depth of counterstaining. 
Use of the V31 polyclonal antiserum in immunoelectron-micros-
copy of the graft confirmed a cytoplasmic localization of th..!; HPV 
16 E4 antigen (Fig 3a,b) . Occasional flattened cells with dense nu-
clei at the junction of the stratum granulosum with the stratum 
spinosum showed intense labeling with this antiserum throughout 
the cytoplasm. There was no specific antibody binding to the nuclei 
of these cells, where virions were frequently observed within the 
nucleoplasm. At this level within the epithelium, the cytoplasm 
appears amorphous as a result of the process of cornification. Within 
cells of the granular layer and to a lesser extent the spinous layer, 
there was a striking localization of the anti-HPV 16 E4 antibodies to 
tonofibrils, which in keratinocytes are recognized to consist of 
a-keratin. These labeled clumped keratin bundles were situated 
throughout the cytoplasm and not concentrated in aggregates either 
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at the cell periphery or near the nucleus. Antibody binding at the site 
of keratin filaments was not observed in the basal layer cells. There 
was no specific binding of the anti-E4 serum to nuclei of the upper 
granular or lower cornified layers, irrespective of the presence or 
absence of virions. 
HPV 16L1 Protein Detection Immunogold staining of this 7-
week graft with the monoclonal antibody CAMVIR 1, against HPV 
16Ll protein, produced a signal in a nuclear location (Fig 3c,d~. The 
10-nm gold particle labeled second antibody clearly bound III the 
region of particles within the nucleoplasm, rather than at sites of 
condensed chromatin. Although it appeared that only a proportion 
of the particles label, this would be expected from the thickness of 
the sections (50-60 nm) because the particles are approximately 
50 nm in diameter and therefore only some of the particles would be 
at the surface of the section. Of these, only part of the capsid would 
be exposed for antibody interaction. The size of the gold conjugate 
would also lead to some stearic hindrance, reducing antibody bind-
ing below maximum. Cells within the granular layer without dense 
nuclei or visible viral particles were not labeled. 
DISCUSSION 
We have previously reported the finding of Ll-positive cells in 
W12 cells grafted onto nude mice and the production of virions 
with features of human papillomavirus within the upper granular 
layer. In this immunoelectron microscopical study, the binding of 
the CAMVIR 1 monoclonal antibody was shown to be to collec-
tions of these virus particles. There was no labeling of the hetero-
chromatin within the nuclei of positively staining cells and no sig-
nal was seen in adjacent cells that did not contain particles. As the 
CAMVIR 1 antibody is specific for the L 1 protein of HPV type 16, 
this provides confirmation that these particles seen in the graft are 
human papillomavirus. 
The function of the El1\E4 protein is unknown although it has 
been suggested that it may be involved in virion assembly or keratin 
interaction [22]. EtI'E4 is a very abundant protein in the upper 
epithelial layers of HPV 1 plantar warts, where it is condensed into 
cytoplasmic aggregates or "granules" [22,25]. More recently, HPV 
16 E4 has been found in lesions of cervical dysplasia [26,27], al-
though it was detected in only a minority of HPV 16-positive 
biopsies. Thus, expression of the E4 gene does not occur as an 
inevitable consequence of the presence of the viral DNA within the 
keratinocyte, but, like Ll, may be controlled by differentiation-re-
lated factors. Integration of viral DNA within the host genome, 
which may occur even in low-grade cervical dysplasia [28], fre-
quently disrupts or deletes the E4 gene, but retention of episomal 
HPV 16 DNA in W12 cells would allow E4 expression to remain 
under the control of its usual viral and cellular factors. 
The immunohistochemical studies suggest a cytoplasmic localiza-
tion for the HPV 16 El1\E4 protein in the W12 cells cultured ill 
vivo, which is confirmed by immunoelectron microscopy. Other 
reports of the localization ofE4 protein in keratinocytes support this 
[22,25,26], but some studies have suggested that E4 may be found in 
both cytoplasm and nucleus [29] or even exclusively in the nucleus 
[27]. This apparent discrepancy may be due to differences between 
HPV types, but variations in tissue processing and antigen detection 
may contribute. It is also possible that if E4 expression is under the 
control of specific differentiation-associated factors, then the pro-
duction of the protein and possibly also its intracellular localization 
may be affected by the body site of the keratinocyte and other 
external influences that modify epithelial maturation. 
HPV 16 E4 protein has been shown to associate with cytokeratins 
8 and 18 in cultured simple epithelial cells leading to collapse of the 
cytoskeletal network [30]. This therefore raises the possibility 
that the aggregates of E4-positive material seen in the HPV 
I-containing keratinocytes of plantar warts may be clumps of con-
densed keratin. Electron microscopical examination ofHPV type 1, 
2, and 4 warts has shown accumulation of electron-dense bodies in 
the cytoplasm, which may appear filamentous substructurally and, 
when small, are often associated with filaments [31]. The immuno-
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Figure 3. Imrnunogold localization of HPV 16 E4 and Ll protein. a) Cell at the junction of the granular and cornified layers with dense nucleus. Site of 
binding of polyclonal rabbit antiserum against HPV 16 E4-p-galactosidase fusion protein ~s detected by 1-nm gold-labeled second antibody and silver 
enhancement. Bar, 0.5 /lm. b) Cell within spinous layer labeled as in a. Bar, 0.5/lm. ~) <;:ell m upper granular layer showing particles packed within the 
nucleoplasm. Binding of mouse monoclonal antibody against HPV 16 Ll protem IS detected by 1-nm gold-labeled second antibody and silver 
enhancement. Bar, 0.5/lm. d) As c, but using unenhanced 10-nm gold particles. Bar, 0.5/lm. 
histochemical localization of E4 protein in these wart types [22] 
would appear to correlate well with the size and distribution of 
these aggregates. In our study, the binding of the V31 antiserum to 
tonofilament bundles in the spinous and granular layers of cultured 
cervical keratinocytes strongly suggests an association of HPV 16 
E4 protein with cytokeratins in vivo. Although we have not specifi-
cally analyzed the type of keratins in these W12 cells cultured on 
the nude mouse, suprabasal keratins of the exocervix are normally 
keratins 4 and 13 and, to a lesser extent, keratins 6 and 16, with 
keratins 5 and 14 in the basal layers [32] . These cells would not be 
expe~ted to prod.uce keratins 8 and 18. Identification of specific 
keratll1 typ~s ~y l1~munoelectron microscopy is notoriously diffi-
cult~ ~eceSSltatl1lg tissue processing tai lored to preserve keratin anti-
genICity [33] . We were therefore not able to use anti-keratin anti-
bodies in this grafted tissue, which had been both fixed in formalin 
and resin embedded. 
In the stratified epithelium produced by this method of culture, 
there is no dramatic collapse and clumping of keratin filaments in 
the manner described in simple epithelial cells by Doorbar et al. It is 
too early to say whether HPV 16 E4 has different effects on differ-
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ent types of keratin or whether k~ratin filame?-ts withi? a stratified 
epithelium, where they may be of Importance m the maintenance of 
structure and strength of the epithelium, may be more resistant to 
collapse. Characterization of the keratin proteins in the bundles 
labeled by the anti-E4 serum in this experimental culture system 
would begin to define the range of keratins with which this viral 
protein can associate. Clearly it is of ~mportanc~ to establish furth~r 
the exact nature of possible E4-keratm mteractlons and to ascertain 
whether these determine the tissue specificity of different HPV 
types. 
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